The data underlying this study have been uploaded to the PANGAEA database and are accessible using the following link: <https://doi.pangaea.de/10.1594/PANGAEA.885799>.

1. Introduction {#sec001}
===============

Projected population growth to over 9 billion people by 2050, the impacts of climate change on agricultural productivity \[[@pone.0194695.ref001]--[@pone.0194695.ref004]\], and shifts toward animal-based diets \[[@pone.0194695.ref005]--[@pone.0194695.ref008]\] all pose a challenge to ensuring food security in the future. The proportion of globally undernourished people halved between 1990 and 2015; falling from 23.3% in 1990--92 to 12.9% in 2015\[[@pone.0194695.ref009]\]. Nonetheless, there were still around 800 million undernourished people in 2015, mostly in Asia and Africa. Achieving food-security in the future will require sufficient food production, as well as its equal distribution and access by all people, as stated in the second UN Sustainable Development Goal \[[@pone.0194695.ref010]\].

Historically, cropland expansion into forest and other unmanaged natural areas has met increased demand for land-based commodities \[[@pone.0194695.ref011]\]. Since the mid-20^th^ century, while for the most part agricultural intensification was responsible for increased production, further expansion of agricultural areas still occurred \[[@pone.0194695.ref007],[@pone.0194695.ref012]\]. Cropland expansion and intensification both have high environmental costs including GHG emissions, the loss of biodiversity, fresh-water depletion, and environmental pollution from chemical inputs \[[@pone.0194695.ref012]\].Rockström et al. \[[@pone.0194695.ref013]\] suggested that global cropland area should be limited to 15% of the total ice-free land surface in order to stay within the planetary boundary for land-use. The planetary boundary approach first identifies earth system processes and thresholds that when crossed may cause undesirable environmental change. Planetary boundaries are defined through normative judgements ensuring values for control variables are kept at an acceptable distance from thresholds \[[@pone.0194695.ref014]\]. Crop cultivation currently covers about 12% of the global land surface thus the cropland planetary boundary would allow for a 3% expansion in cropland area \[[@pone.0194695.ref012]\]. A compounding challenge is the mitigation of, as well as adaptation to, climate change \[[@pone.0194695.ref015]--[@pone.0194695.ref017]\]. Climate mitigation strategies need to consider both the energy and agricultural sectors in order to avoid spill over effects, such as the rapid expansion of cropland arising from bioenergy production \[[@pone.0194695.ref018],[@pone.0194695.ref019]\]. Current thinking suggests bioenergy, in combination with carbon capture and storage (BECCS), is an essential strategy for emissions reduction \[[@pone.0194695.ref020]--[@pone.0194695.ref022]\]. However, expansion of the area used to grow bioenergy will conflict with food production and have potential impacts on biodiversity and the supply of ecosystem services\[[@pone.0194695.ref023]\].

Taken together there are large pressures on the land system to feed a growing population, to contribute to climate mitigation, and to nonetheless stay within the planetary boundary for cropland area. Over recent decades, scenario analyses have played a central role in assessments of addressing such growing pressures, seeking to explore the potential effects of socioeconomic change and global environmental change. Such scenarios are derived from an interpretation of coherent, qualitative storylines describing future pathways or projections \[[@pone.0194695.ref024]--[@pone.0194695.ref027]\]. Exploratory scenarios describe different future states that may arise in the absence of setting targets, often extrapolating current trends e.g. in food demand, cropland expansion, and climate \[[@pone.0194695.ref027]--[@pone.0194695.ref029]\]. For example, recent work using integrated assessment models have explored multiple issues including future climate, land use, and energy sector developments that might occur without considering explicit environmental or energy policies \[[@pone.0194695.ref004],[@pone.0194695.ref030],[@pone.0194695.ref029],[@pone.0194695.ref031]--[@pone.0194695.ref033]\].

In a normative (or goal-orientated) scenario approach, targets representing a desired situation at some point in the future are first defined and pathways to achieve these targets are interpreted or derived, often from model simulations \[[@pone.0194695.ref034]\]. Existing normative scenario approaches have defined targets and interpreted pathways to meet food demand \[[@pone.0194695.ref035]\] environmental constraints \[[@pone.0194695.ref036]\] and bioenergy targets \[[@pone.0194695.ref037],[@pone.0194695.ref038]\]. In some cases more than one target was considered, for example, Erb et al. \[[@pone.0194695.ref036]\]asssessed the option space for meeting estimated global food demand under different diets in 2050 with low or no levels of deforestation. However, a normative approach that simultaneously considers boundary targets to reducing global food shortages, restrict land use change and meet bioenergy demand has not yet been considered.

In this paper, we explore whether meeting these three multiple objectives is feasible in the future. Unlike similar modelling frameworks the Parsimonious Land-Use Model used here has rapid runtimes and thus allows for multiple model iterations to explore across parameter space within plausible uncertainty ranges \[[@pone.0194695.ref039]\]. Given this strength, we use a Monte Carlo modelling and normative scenario approach to identify the key characteristics of alternative futures that ensure adequate global food supply by 2050 (food-supply target) whilst maintaining global cropland area within a planetary boundary (cropland planetary boundary target) and, at the same time, producing sufficient bioenergy to contribute to keeping the global average temperature increase below 2°C (bioenergy-mitigation target). Bioenergy deployment has significant potential for climate mitigation, through the reduction of GHG emissions. Modelling work has highlighted that bioenergy could contribute to mitigation despite associated land use change \[[@pone.0194695.ref030]\]. Creutzig et al. \[[@pone.0194695.ref040]\] found that in climate stabilisation scenarios across numerous modelling studies between 10 and 245 EJ yr^−1^ of the global primary energy supply in 2050 was supplied by bioenergy. For the bioenergy-mitigation target we therefore take a conservative approach and set the contribution of first generation bioenergy crops to 9 EJ by 2050. This aligns with the bioenergy pathway projected in the world energy outlook \[[@pone.0194695.ref041]\] 450 scenario with atmospheric GHG concentrations stabilized below 450ppm CO~2~eq, resulting in a 50% likelihood of keeping the global average temperature increase below 2°C compared to pre-industrial levels.

2. Methods {#sec002}
==========

2.1 Normative targets {#sec003}
---------------------

The food-supply target should ensure adequate food supply for the entire global population. Dietary requirements were estimated from a global population of 9.1 billion in 2050 \[[@pone.0194695.ref042]\] and a daily dietary energy requirement of 2350 kcal per capita per day (kcal cap^-1^ d^-1^; \[[@pone.0194695.ref043]\]). The per capita food consumption statistics \[[@pone.0194695.ref044]\] used here deduces food waste at the household level. Global average food waste at the household level is estimated to be 12% \[[@pone.0194695.ref045]\] and so, the food-supply target was set to a minimum of 2635 kcal cap^-1^ d^-1^ on average per country.

The planetary boundary target for global cropland area assumes that up to 15% of the global, ice-free terrestrial surface can be used for crop production \[[@pone.0194695.ref013]\]; the current area is 12%. Assuming a total ice-free land area of 13400 Mha we set 2010 Mha as the global cropland planetary boundary.

For the bioenergy-mitigation target we chose the bioenergy pathway projected in the 450 scenario from the world energy outlook \[[@pone.0194695.ref041]\]. Given unknown contribution of second generation energy crops we only modelled first-generation bioenergy crops, which currently contribute 3--4% of global bioenergy production \[[@pone.0194695.ref046]\]. Recent trends have shown an increasing uptake of bioenergy crops for fuel, for example, the use of modern biomass for liquid and gaseous energy carriers increased by 37% from 2006 to 2009 \[[@pone.0194695.ref046]\]. We assume that the global contribution of first generation bioenergy crops would double from 2000 to 2050 as countries increasingly move away from using low efficiency traditional biomass such as wood, straw and dung, to higher efficiency energy crops. In the 450 scenario the contribution of bioenergy, traditional and modern biomass, is projected to increase from 10% of global primary energy demand today to 15% by 2035 (2235 million tonnes oil equivalent (Mtoe), which is 94 EJ by 2035 and 125 EJ when extrapolated to 2050; \[[@pone.0194695.ref041]\]). Thus, we set the bioenergy-mitigation target for first generation bioenergy crops to 9 EJ by 2050.

2.2 Assumptions for model simulations {#sec004}
-------------------------------------

The Parsimonious Land-Use Model was used to simulate the agricultural system until 2050 (detailed descriptions of PLUM can be found in; \[[@pone.0194695.ref039],[@pone.0194695.ref047]\]. PLUM simulates agricultural land use change in cereal land as a proxy for changes in cropland with cereal used for food and animal feed demand. The trade mechanism assumes countries have access to a global market. Demand in a country can be met by domestic cereal production and through imports. Countries with production in excess of demand export the surplus. Previous work evaluating PLUM against observation data found at a global scale the range of model results simulated could reproduce consumption, production and agricultural land use patterns \[[@pone.0194695.ref039]\].

Population, income levels and diet drive the demand for agricultural products as previously described in Engström et al. \[[@pone.0194695.ref039]\]. Calculations of food demand are dependent on population and economic development and are described by statistical relationships revealed by historical country-level statistics from reported FAOSTAT data \[[@pone.0194695.ref044]\]. The coefficients characterising these relationships are used as scenario parameters. We assumed that population and economic growth continue along current trends (based on the Shared-Socio-economic Pathway SSP2 "Middle of the road";\[[@pone.0194695.ref048]\]. The SSPs are part of a scenario framework, established by the climate change research experts to provide a common basis for the exploration of climate mitigation policies, impacts, adaptation options \[[@pone.0194695.ref027]\]. FAO projects global food demand to increase by 60--70% in 2050 compared with today, that assumes medium population and economic development \[[@pone.0194695.ref049],[@pone.0194695.ref050]\]. Thus adopting values for scenario parameters that are based on SSP2 assumptions of continued growth at current trends aligns with FAO projections and recent academic research. Average nutritional status, per country was represented by daily food supply (kcal cap^-1^ d^-1^, see [S1 File](#pone.0194695.s001){ref-type="supplementary-material"} for details). Changes in demand and yield, due to technological change, result in agricultural land-use change. The technology change parameters determine how rapidly the yield gap reduces over time. For the parameterisation of socio-economic processes, such as food consumption or crop yield increases due to technological development, parameter settings that reproduce current trends (2000--2010) were defined as given in [Table 1](#pone.0194695.t001){ref-type="table"}. Ranges around these values, indicated by the minimum and maximum values ([Table 1](#pone.0194695.t001){ref-type="table"}), were selected to provide wide, but plausible uncertainty ranges, e.g. average per capita meat consumption in developed countries of 70--121 kg in 2050 ([Table 1](#pone.0194695.t001){ref-type="table"}, class *meat 1*). Parameters held constant and justification for doing so can be found in the [S1 Table](#pone.0194695.s002){ref-type="supplementary-material"}. Uncertainties in future projections, derived from parameter assumptions, were explored through the analysis of the PLUM parameter space.

10.1371/journal.pone.0194695.t001

###### Overview of PLUM parameters and uncertainty explored.

Columns 3--5: Parameter setting that reproduces the average current trend, between 2000--2010, and the minimum and maximum settings of the uncertainty range for the parameter of interest. Column 6--8: Implications of current trend values (mean), minimum (min) and maximum values (max) for output in the year 2050 with other parameters held at mean values.

![](pone.0194695.t001){#pone.0194695.t001g}

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Parameter                                                                                                                                                                     Description                                                                                         PLUM Parameter setting   Resulting outcomes in 2050, with other parameters held at current trend value                                                                                                                                                                         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------- ------------------------ ------------------------------------------------------------------------------- ----- ---------------------------------------------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------------------
                                                                                                                                                                                                                                                                                                                                                                                                   Average meat/milk consumed per capita (pc)                                                                                                                      

  meat 1                                                                                                                                                                                                                                                                            -30                      -50                                                                             50    82kg                                                                                                 70 kg                                                      121kg

  milk 1                                                                                                                                                                                                                                                                            -50                      -200                                                                            50    268kg                                                                                                198 kg                                                     327 kg

  *Group 1 consumption parameters apply to high income countries with a high per capita consumption of animal products but where the increase has been observed to slow down*                                                                                                                                                                                                                                                                                                                                                                                      

  meat 3                                                                                                                                                                                                                                                                            45                       0                                                                               60    83 kg                                                                                                36 kg                                                      100 kg

  milk 3                                                                                                                                                                                                                                                                            45                       0                                                                               90    162 kg                                                                                               108 kg                                                     213 kg

  *Group 3 consumption parameters apply to countries transitioning from low/moderate consumption of animal products to moderate/high consumption*                                                                                                                                                                                                                                                                                                                                                                                                                  

  meat 4                                                                                                                                                                                                                                                                            15                       5                                                                               43    40 kg                                                                                                20kg                                                       90 kg

  milk 4                                                                                                                                                                                                                                                                            45                       20                                                                              70    109 kg                                                                                               61 kg                                                      157 kg

  *Group 4 applies to countries that do not yet have the means to increase consumption of animal products rapidly*                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  consL (*kg meat/milk per capita/)*                                                                                                                                            Global limit on the consumption of animal products (e.g. a tax on meat products)                    0                        -60                                                                             20    max 122.5 kg meat consumed pc, no implications for milk                                              max 62.5kg meat consumed pc, max 180 kg milk consumed pc   max 142.5 kg meat consumed pc, no implications for milk consumption

  cerealCon *(1/time)*                                                                                                                                                          Global parameter. Additional cereal consumption within a country                                    0                        0                                                                               0.4   \-                                                                                                   \-                                                         +20% cereals pc in countries with kcalPc_i\<2200

                                                                                                                                                                                                                                                                                                                                                                                                   Global demand for cereal feed                                                                                                                                   

  fcr improvement (*1/time*)                                                                                                                                                    The effect of technology change on animal production efficiency (feed conversion rate efficiency)   0.2                      0                                                                               0.2   1461Mt                                                                                               1623Mt                                                     1461Mt

  feedRatio Cap (*1/time)*                                                                                                                                                      Maximum proportion of meet produced using feed (cereals).                                           0                        0                                                                               0.2   1461Mt                                                                                               1461 Mt                                                    2037 Mt

                                                                                                                                                                                                                                                                                                                                                                                                   Global average yield of                                                                                                                                         

  technology (*1/time*)                                                                                                                                                         Yield increases with changing technological development                                             1.7                      0                                                                               2     5.13 ton ha^-1^                                                                                      4.12 ton ha^-1^                                            5.24 ton ha^-1^

  investments *(1/time)*                                                                                                                                                        Yield increases as a function of GDP per capita                                                     1.7                      0                                                                               1.7   5.13 ton ha^-1^                                                                                      5.04 ton ha^-1^                                            5.14 ton ha^-1^

  residualNV *(%)*                                                                                                                                                              Minimum global area of natural vegetation to be kept                                                10                       1                                                                               20    Influences distribution of cropland across countries, no clear direction of impact on global scale                                                              

                                                                                                                                                                                                                                                                                                                                                                                                   Global cereal production loss                                                                                                                                   

  croplandDeg *(1/time)*                                                                                                                                                        Global share of lost production due to cropland degradation\                                        0.05                     0.04                                                                            0.1   2.5%                                                                                                 2%                                                         5%
                                                                                                                                                                                Influences the production capacity of cereal land                                                                                                                                                                                                                                                                                                                                  

  shareBEcr\* *(%)*                                                                                                                                                             Contribution of first generation bioenergy crops to global bioenergy production                     4 or 12                  \-                                                                              \-    4: 3.5% of bioenergy are produced from energy crops in 2050                                                                                                     

  12: 7% of bioenergy are produced from energy crops in 2050                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

2.3 Identifying model parameterisations that achieve the normative targets {#sec005}
--------------------------------------------------------------------------

Using the parameter values from [Table 1](#pone.0194695.t001){ref-type="table"}, we performed 120 000 Monte Carlo model runs divided into two sets. For the first 60 000 runs, we assumed bioenergy production to be as projected by the Current Policy scenario (extrapolated to 74 EJ bioenergy by 2050;\[[@pone.0194695.ref041]\]), and a contribution of first generation bioenergy crops to total bioenergy production of 3.5% by 2050 (3 EJ). For the second 60 000 runs, we used the bioenergy production projected in the 450 scenario (extrapolated to 125 EJ by 2050; \[[@pone.0194695.ref041]\]) and a contribution of first generation bioenergy crops to total bioenergy production of 7% by 2050 (9 EJ). The minimum and maximum parameter values from [Table 1](#pone.0194695.t001){ref-type="table"} were used to create uniform probability distributions for each parameter. Parameter sampling was performed by applying a stratified Sobol sequence \[[@pone.0194695.ref051]\]. Unlike tradition 'one at a time' methods that only sample a subset of parameter space and emphasise the central point the Monte Carlo approach using the Sobol sequence sampling method can generate parameterisations that systematically explore joint parameter uncertainty space. Furthermore the sampled values are selected with respect to previously sampled values this avoids sample clustering or gaps and thus reduces sampling discrepancies \[[@pone.0194695.ref051]\]. The number of simulation runs was chosen as a trade-off between maximising the number of simulations within the time constraints of undertaking multiple model runs.

Crop yield inputs to PLUM were simulated with the global dynamic vegetation model LPJ-GUESS \[[@pone.0194695.ref052],[@pone.0194695.ref053]\] (see\[[@pone.0194695.ref047]\] for implementation details). LPJ-GUESS simulates the biophysical response of crop yields to changing environmental conditions, such as changes in temperature and precipitation patterns, and the CO~2~ fertilization effect. To ensure consistency between the energy scenarios underlying the bioenergy projections and the climate scenarios underlying the crop yield projections, different yield projections were used for the first and second set of runs. For the first set of runs we assumed higher levels of climate change and so, simulated crop yields based on climate data for RCP6.0 \[[@pone.0194695.ref054]\]. For the second set, which assumed stabilization of greenhouse gases at 450 CO~2~eq, we simulated crop yields based on the more stringent climate mitigation scenario, RCP2.6 \[[@pone.0194695.ref055]\].

The simulation runs were analysed to identify those model parameterisations (i.e. individual model runs) that fulfilled: a) the food-supply target, b) both the food-supply and cropland planetary boundary targets and c) all three targets: the food-supply, cropland planetary boundary, and bioenergy-mitigation target. From these individual model parameterisations, we created output narratives to describe the key elements of the model runs that were instrumental in achieving the normative targets.

3. Results and discussion {#sec006}
=========================

3.1 Meeting the food supply and cropland planetary boundary targets {#sec007}
-------------------------------------------------------------------

The food-supply target alone can be met by a large number of different simulations ([Fig 1](#pone.0194695.g001){ref-type="fig"}, blue lines, see also [S1 Fig](#pone.0194695.s003){ref-type="supplementary-material"}), but most of these simulations require global cropland expansion beyond the 15% planetary boundary by 2050. When the cropland planetary boundary target is also considered, the number of simulations drops sharply to only 12 ([Fig 1](#pone.0194695.g001){ref-type="fig"}, yellow lines). Simulations achieving both the food-supply and cropland planetary boundary target have global average yields that are within the upper third of projected yield increases ([Fig 2](#pone.0194695.g002){ref-type="fig"}, yellow lines), with yield growth rates of 0.9 to 1.0% yr^-1^ over the 2000--2050 period.

![Global cropland area for simulation runs that meet normative targets.\
Global cropland area for simulations that meet the food-supply target (blue lines) and which are also below the planetary boundary for cropland area (yellow lines, planetary boundary for cropland illustrated by the black dashed line). The red line indicates the run that is closest to meeting all three targets, including the bioenergy-mitigation target (Food-Bioenergy-high-Natural-Vegetation). The grey shaded area indicates the range spanned by all runs. The acronyms shown are discussed in section 3.2.](pone.0194695.g001){#pone.0194695.g001}

![Global average yields for simulation runs that meet normative targets.\
Global average yields for simulations that meet the food-supply target (blue lines), and which are also below the planetary boundary for cropland area (yellow lines). The red line indicates the run that is closest to meeting all three targets, including the bioenergy-mitigation target (Food-Bioenergy-high-Natural-Vegetation). The grey shaded area indicates the range spanned by all simulations. The acronyms shown are discussed in section 3.2.](pone.0194695.g002){#pone.0194695.g002}

3.2 Meeting all three targets: The food-supply, cropland planetary boundary, and bioenergy-mitigation target {#sec008}
------------------------------------------------------------------------------------------------------------

Although no model runs achieved all normative targets, three model parameterisations came close to this. Of these, two model runs, named FC-lowNV and FC-highNV, achieve both the food-supply and cropland planetary boundary targets, but not the bioenergy-mitigation target. The third model run, named FB-highNV, fulfils the bioenergy target however, global cropland expansion surpasses the cropland planetary boundary target by 2050. Parameter settings for the three scenarios can be found in [Fig 3](#pone.0194695.g003){ref-type="fig"} and descriptions of the three scenarios are as follows:

### FC-lowNV (Food-Cropland-low-Natural-Vegetation) {#sec009}

In *FC-lowNV* only 7% of potential arable land is conserved as natural vegetation at a country level (*residualNV*, see [Fig 3](#pone.0194695.g003){ref-type="fig"}). Consumption of cereals in countries with low initial food supply increases significantly and per capita meat consumption, especially in transitioning countries, also increases strongly (*cerealCon* = 0.3 and *meat 3 =* 60, see [Fig 3](#pone.0194695.g003){ref-type="fig"}). Efficiency in livestock production increases i.e. feed-conversion ratios increase (*fcr improvement = 0*.*2*, [Fig 3](#pone.0194695.g003){ref-type="fig"}) and crop yields increase at a moderate to high level (*technology = 1*.*5*, [Fig 3](#pone.0194695.g003){ref-type="fig"}).

![Parameter settings for the three scenarios that almost meet normative targets.\
The minimum and maximum of the parameter range is shown, with the parameter value that would reproduce current trends (2000--2010) indicated in orange.](pone.0194695.g003){#pone.0194695.g003}

### FC-highNV (Food-Cropland-high-Natural-Vegetation) {#sec010}

In contrast to *FC-lowNV*, in *FC-highNV*, 20% of potential arable land is conserved as natural vegetation at the country level (*residualNV*, [Fig 3](#pone.0194695.g003){ref-type="fig"}). Per capita cereal consumption in countries with low initial food supply increases slowly and developing countries increase their per capita consumption of meat and milk at very high rates (*meat 4* and *milk 4*, [Fig 3](#pone.0194695.g003){ref-type="fig"}). Efficiency in livestock production increases moderately, but crop yields increase at high to very high levels (*technology*, [Fig 3](#pone.0194695.g003){ref-type="fig"}).

### FB-highNV (Food-Bioenergy-high-Natural-Vegetation) {#sec011}

*FB-highNV* has exactly the same parameterisation for consumption, technological change, and protection of natural vegetation as the *FC-highNV* parameterisation, but differs by fulfilling the bioenergy target (*shareBEcr = 12)*. However, this is only achieved by global cropland expansion surpassing the cropland planetary boundary target by 2050. The global cropland area is 2082 Mha in 2050, which is 15.5% of the total ice-free land area ([Fig 1](#pone.0194695.g001){ref-type="fig"}, red line). That is to say, this parameterisation is only 0.5% beyond the assumed planetary boundary for global cropland area.

In general, meeting the food-supply target required a strong increase in meat and milk consumption in emerging and developing countries (82--97 and 75--97 kg meat per capita in 2050, from 51 and 22 kg meat per capita in 2000 respectively) and thus a continuation/expansion of Western diets. Only small differences with respect to consumption patterns exist between FC-lowNV and FC-highNV. In 2050, simulated average meat consumption in developing countries in FC-lowNV is 10 kg meat per capita lower than the average meat consumption in FC-highNV. The lower consumption of animal products in FC-lowNV is balanced by an increase in cereal consumption for countries with very low initial food supply (\< 2200 kcal cap^-1^ d^-1^ in 2000) in FC-lowNV. For FC-lowNV the increase in cereal consumption for countries with low initial energy supply is 13% by 2050 compared to 2000, while it is 6% for FC-highNV. In PLUM, milk and meat consumption are proxies for rising incomes shifts to protein-rich, high-fat diets. This relationship is well established in the literature \[[@pone.0194695.ref005]\], but saturation effects (i.e. levelling out of meat consumption, as described by Engel's law, with slightly different saturation levels dependent on cultural contexts) are assumed to occur in the future \[[@pone.0194695.ref050]\]. None of our simulations with lower meat consumption (e.g. 70 kg meat per capita in 2050 for countries with traditionally high meat) met the 2050 food-supply target. The target could only be reached when all countries adopted higher calorie, meat-rich diets, resulting in higher annual growth rates in meat consumption (2.9%, 970 Mt meat in 2050) compared to current FAO statistics (2.1% for 2000--2009) or FAO projections (1.4%, 455 Mt meat in 2050;\[[@pone.0194695.ref050]\]).

The differences in food consumption parameters in FC-lowNV and FC-highNV did not lead to large differences in the average food supply per capita at the country level by 2050 (see [Fig 4](#pone.0194695.g004){ref-type="fig"}, panel b and c). For both parameterisations, the surplus food supply observed in 2000 for western countries has spread across most parts of the world by 2050. While food supply is still generally lower compared to western countries, the food shortages in mainly Sub-Saharan African (SSA) countries have been eliminated (indicated by the orange colours in [Fig 4](#pone.0194695.g004){ref-type="fig"}, panel a). This increase in food supply corresponds to increasing cropland in SSA ([Fig 5](#pone.0194695.g005){ref-type="fig"}). However the ability to improve agricultural production in SSA remains unclear and it has been suggested that the expansion of cropland in SSA will be heavily limited by infrastructural and economic constraints \[[@pone.0194695.ref056]\]. While the model here shows increases in cropland in SSA, Mauser et al. \[[@pone.0194695.ref057]\]found that SSA is a region that could become agriculturally more productive by allocating crops based on profit-maximization and increasing cropping intensity. However, while it may not be possible to expand cropland in SSA, it may be equally unlikely that increased intensification or cropland change is possible, due to similar infrastructural and economic barriers.

![Average daily food supply per capita for the three focal scenarios.\
(A) Average daily food energy supply per capita in the baseline year 2000 and in 2050 for (B) FC-lowNV and (C) FC-highNV. Countries displayed in grey are excluded from the analysis due to missing input data.](pone.0194695.g004){#pone.0194695.g004}

![Global cropland area changes over time for the three focal scenarios.\
(A) Per country cropland area as a percentage of suitable land (moderate to very high suitability from the Global Agro-ecological Zone Data Portal; (FAO/IIASA, 2011). Changes in cropland area in 2050 compared to 2000 (% of suitable land) for (B) FB-highNV, (C) FC-lowNV and (D) FC-highNV. Countries displayed in grey are excluded from the analysis due to missing input data.](pone.0194695.g005){#pone.0194695.g005}

Although global cropland area is restricted here to 15% of total ice-free land area, cropland area expansion could, and probably should, be much greater at the individual country scale. The larger conservation of natural land in FC-highNV is facilitated by the slightly stronger intensification and higher yields in FC-highNV compared to FC-lowNV (see [Fig 2](#pone.0194695.g002){ref-type="fig"}, 5.2 t ha^-1^ and 4.9 t ha^-1^ in 2050 respectively compared to 3.1 t ha^-1^ in 2000). The difference in global average yield increase, combined with different values for the conservation of natural vegetation lead to different patterns in cropland change at the country scale ([Fig 5](#pone.0194695.g005){ref-type="fig"}). For FC-lowNV, low natural vegetation conservation values lead to massive expansion in cropland areas, especially in Central America, North and Central Africa (Libya, Ghana, Niger, and Nigeria) and South-East Asia ([Fig 5](#pone.0194695.g005){ref-type="fig"}, panel c). A similar pattern of cropland expansion, though less pronounced compared with FC-lowNV, occurs for FC-highNV ([Fig 5](#pone.0194695.g005){ref-type="fig"}, panel d). The increased bioenergy production in FB-highNV causes additional demand for cropland, which leads to larger cropland changes in European countries, South American countries and the US ([Fig 5](#pone.0194695.g005){ref-type="fig"}, panel b) compared to FC-highNV (recall, FB-highNV and FC-highNV have the same characteristics, except for bioenergy production).

3.3 Further considerations {#sec012}
--------------------------

### Yield assumptions {#sec013}

PLUM derives crop yields from the LPJ-GUESS by making assumptions about the role of technological development and improved land management \[[@pone.0194695.ref039],[@pone.0194695.ref047]\]. There is large potential for modelled yield projections to vary greatly between existing models. This is not unsurprising given that uncertainties can occur in model assumptions regarding, for example, fertiliser effects \[[@pone.0194695.ref058],[@pone.0194695.ref059]\], management intensities \[[@pone.0194695.ref060]\], technology responses \[[@pone.0194695.ref038],[@pone.0194695.ref061]\], climate change and the underlying global climate models \[[@pone.0194695.ref062]--[@pone.0194695.ref065]\]. Despite this however, a recent global gridded model inter-comparison study \[[@pone.0194695.ref065]\], as part of the Agricultural Model Inter-comparison and Improvement Project (AgMIP), found seven global crop models, including LPJ-GUESS, agreed on the direction of yield changes in response to climate change in major global agricultural regions. Furthermore all models were able to reproduce current relative patterns of crop yields across regions. While CO~2~ fertilisation is unconstrained in this version of LPJ-GUESS, and thus yield projections are high, PLUM counteracted by (1) not accounting for double cropping by deriving global average yield (dividing global production by global cropland area) and (2) including cropland degradation assumptions that result in production losses, decreasing global average yields.

Meeting the food supply and cropland target assumes that the current yield gap (the fraction of how close actual yield is to potential yield, see Licker et al. \[[@pone.0194695.ref066]\], especially in developing countries, is reduced significantly. In the year 2000, the yield gaps for the countries simulated in PLUM ranged from 0.3 to 0.9, where 0 represents no yield gap \[[@pone.0194695.ref066]\]. For the model runs that achieve the 2050 food-supply and cropland planetary boundary target, all countries have yield gaps between 0.05 and 0.4. In order to reduce yield gaps to meet food-supply and cropland planetary boundary targets simulations had yield growth rates of 0.9 to 1.0% yr^-1^ over the 2000--2050 period. Other studies have concluded that yield increases of more than 1% per year are needed \[[@pone.0194695.ref038],[@pone.0194695.ref067]\], however this often includes increasing yield to meet bioenergy demand in addition to supplying food demand. Furthermore variability exists in what is considered to be an adequate food supply targets (e.g. \[[@pone.0194695.ref038],[@pone.0194695.ref067]\]. Compared with the annual yield growth rates of 1.5% yr^-1^ over the 2000--2010 period, and historical yield growth of, for instance, 2.5% yr^-1^ over 1961--1991 (FAOSTAT,\[[@pone.0194695.ref044]\]), these yield growth rates might appear to be moderate. However, past yield increases are not necessarily a guide to future yields, and future yield potentials are subject to considerable debate \[[@pone.0194695.ref067],[@pone.0194695.ref068]\]. For example, socio-economic limitations, the physiological limits to plant growth and climate change have all been suggested as potential limits to further yield growth \[[@pone.0194695.ref069],[@pone.0194695.ref070]\].

### Bioenergy potentials {#sec014}

Comparing bioenergy potential across studies can be misleading because of differences in bioenergy terminology (biomass, bioenergy, biofuels), but also because of different assumptions regarding feedstock (primary crops, residuals from primary crops, residuals forestry or industry, lingo-cellulosic feed-stock) and the availability of technology (first generation vs. second generation, modern bioenergy, conventional or advanced biofuels, traditional biomass). Consequently, within the existing literature there are vast differences in estimates of bioenergy potential \[[@pone.0194695.ref037],[@pone.0194695.ref038],[@pone.0194695.ref040],[@pone.0194695.ref071]--[@pone.0194695.ref075]\]. Despite this, given the projected bioenergy potential of Haberl et al. \[[@pone.0194695.ref037]\]of 18 EJ, it might appear surprising that our much lower bioenergy target of 9 EJ by 2050 was not achieved within the planetary boundary of cropland area. Bioenergy potential is very sensitive to yield increases, but the projected crop yield increases used here (accounting for both climate change and CO~2~ fertilization) are similar or even higher (58% and 68% in 2000--2050 for FC-lowNV and FC-highNV respectively) compared to the values used by Haberl et al. \[[@pone.0194695.ref037]\] in the BAU scenario (54% in 2000--2050). Bioenergy potential is also very sensitive to assumed diets and here the projected food production is considerably higher than that of the Haberl study or the FAO projections. Also, Haberl et al. \[[@pone.0194695.ref037]\] reported the total calorific value in biomass, whereas we simulate bioenergy as "the energy content in solid, liquid, and gaseous products derived from biomass feed stocks and biogas"\[[@pone.0194695.ref041]\]. Accounting for this difference, the total calorific value of our bioenergy-mitigation target corresponds to 14 EJ in biomass, which is closer to the estimated potential of 18 EJ by 2050 in Haberl et al. \[[@pone.0194695.ref037]\].

Projections for both bioenergy demand and food demand vary greatly. For example, Dornburg et al. \[[@pone.0194695.ref071]\] showed estimates of global demand for biomass in the year 2050 vary between 50 and 250 EJ and similarly, dietary change or lower population growth projections lead to variability in food demand estimates. To account for such uncertainty in demand targets, an alternative approach to the simplicity of setting narrow normative boundaries (as used here), would be to consider the conditions under which simulations fall within a target range. Ultimately, the results presented here depend, on the underlying assumptions about bioenergy (feedstock and available technology) and food demand (diet and population). With different assumptions, such as the use of potentially more efficient second generation bioenergy crops, meeting a bioenergy target might be possible within the planetary boundary of global cropland area. However, while first generation annual crops may currently seem less sustainable than perennial lignocellulose crops, there is still limited experience with second generation bioenergy production and therefore the contribution of first generation bioenergy crops for targets assumed here is not unreasonable.

### Health and environmental considerations {#sec015}

In general, meeting the food-supply target required a strong increase in meat and milk consumption in emerging and developing countries and thus a continuation/expansion of Western diets. None of our simulations with lower meat consumption met the 2050 food-supply target. However such projected protein-rich, high-fat diets pose potential health threats to countries, arising from obesity and associated poor health \[[@pone.0194695.ref076]\]. Furthermore, the results show the food surplus currently found in the western world spreads across the globe; indeed obesity has become increasingly wide-spread across the world \[[@pone.0194695.ref077]\]. Today, almost three times more people are overweight or obese than undernourished \[[@pone.0194695.ref078]\]. The existence of undernourishment and obesity simultaneously is indicative of the challenge in achieving equality in food security and healthy diets.

Meeting the food supply and bioenergy targets required cropland expansion beyond the cropland planetary boundary and the expansion of cropland into areas of natural vegetation in the tropics found in all scenarios would cause changes in local climate and contribute greatly to emissions from the land use sector \[[@pone.0194695.ref018],[@pone.0194695.ref079]\]. We do not consider here targets of sustainability from a biodiversity perspective yet land use change, particularly habitat loss in the tropics, would cause large losses in biodiversity \[[@pone.0194695.ref012],[@pone.0194695.ref080],[@pone.0194695.ref081]\]. Biodiversity has a fundamental role in supporting earth system dynamics and the resilience of a number of planetary boundaries \[[@pone.0194695.ref014],[@pone.0194695.ref013]\]. However there is substantial potential for conflict between agricultural land use change, to meet food and bioenergy demand, and conservation targets such as the Aichi Target of expanding the global current protectect areas network cover from 11% to 17% by 2020 \[[@pone.0194695.ref082]\]. Indeed recent studies have shown both projected land use change and bioenergy production threaten biodiversity because their distribution conflicts with proposed protected areas network expansion \[[@pone.0194695.ref083],[@pone.0194695.ref084]\]. Overall, it is unclear whether land sparing and increasing agricultural intensity would be preferable to agricultural expansion with land sharing for biodiversity \[[@pone.0194695.ref081]\].

An alternative to enhance sustainability in the food sector is the reduction of food waste \[[@pone.0194695.ref085],[@pone.0194695.ref086]\]. At the household level alone, 5--21% of food-supply is wasted \[[@pone.0194695.ref045]\], which provides a large potential to increase food-supply without increasing production. Furthermore, post-harvest losses, which are especially high in countries with poor infrastructure, can contribute to food waste of up to 40% \[[@pone.0194695.ref002],[@pone.0194695.ref086]\]. Further research should address the potential of reducing food waste, as well as a sustainable diet in achieving the food-supply target. However, the implementation of demand-side strategies to reduce environmental impact are all connected to highly uncertain processes that are shaped by social behaviour, so supply-side strategies such as sustainable intensification are also needed \[[@pone.0194695.ref087]\].

4. Conclusion {#sec016}
=============

The production of adequate food supply within the cropland planetary boundary under current population trends, economics and diets is only possible with annual crop yield increases of at least 1%. Achieving yield increases requires a reduction in the yield gap in all food producing countries with potential implications for the sustainability of agricultural ecosystems. Achieving bioenergy production from first generation energy crops of an order that would contribute to strong climate mitigation is however not possible at the same time. Yet, recent work indicates that meeting multiple food and energy security goals in a sustainable way could be achieved by a reduction in food waste or the widespread uptake of sustainable diets.

Supporting information {#sec017}
======================

###### Technical documentation for calculation of daily energy supply in PLUM.

(DOCX)
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Click here for additional data file.

###### Parameters kept constant in the simulations and justification for doing so.

(DOCX)
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Click here for additional data file.

###### Parameter settings for simulation runs that achieve normative targets.

Parameter settings for simulations that achieve the food supply target (blue), and simulations that additionally are within the cropland planetary boundary target (yellow), as well as the parameterisation that also achieves the bioenergy target, but is only almost within the cropland planetary boundary (red).
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Click here for additional data file.
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